The complexation of 1,4,7,10-tetraoxacyclododecane (12-crown-4) with sodium, potassium, rubidium, cesium and ammonium ions has been studied by titration calorimetry in N,N-dimethylformamide (DMF) and water containing 0.1 mol dm-3 (C2H5)4NC104 and (C2H5)4NC1, respectively, as constant ionic media at 25°C. A very small heat of complexation other than the heat of dilution of titrant was evolved in the course of the titration of sodium, potassium, rubidium, cesium and ammonium ions with 12-crown-4 in water; thus, the complexation of 12-crown-4 with these cations is expected to be very weak. The formation of [M(12-crown-4)]+ and [M(12-crown-4)2]+ (M=Na+, K+, Rb+, Cs) complexes was revealed in DMF, and their formation constants, reaction enthalpies and entropies were determined. On the other hand, no significant heat ascribable to complexation was liberated for the ammonium 12-crown-4 DMF solutions, and the formation of the ammonium 12-crown-4 complex was very weak, practically negligible. The cavity size of 12-crown-4 is 57 pm in radius, while the alkali-metal ion has an ionic radius of 116 -181 pm. Since 12-crown-4 is too small to fully accommodate any alkali-metal ion, the formation of the [M(12-crown-4)] and [M(12-crown-4)2] (M= Nat, K+, Rb+, Cs) complexes results. The formation constants, enthalpies and entropies for the [M(12-crown-4)]+ (M=Na+, K+, Rb+, Cs) complexes do not differ significantly by metal ions. Thus, in DMF, 12-crown-4 is not able to distinguish metal ions having different sizes.
The complexation of metal ions in a non-aqueous solution is very different from that in an aqueous medium. Complex formation between divalent-metal ions and anions is pronounced in aprotic solvents, regardless of their weaker or stronger electron-pair donating ability than water.l-5 The formation of metal complexes in aprotic solvents is usually accompanied by a large and positive entropy change. 1 5 The reaction is more endothermic in aprotic solvents with a stronger electron-pair donating ability than water. [3] [4] [5] A large number of stability constants of crown-ether complexes have been determined in both aqueous and non-aqueous solutions. 6 In general, the stability constants for a given complex are larger in non-aqueous solvents than in water. 6 We have determined the thermodynamic quantities for the complexation of alkali-metal and ammonium ions with 1,4,7,10,13,16-hexaoxacyclooctadecane (18-crown-6) in aprotic N,Ndimethylformamide (DMF)', having a stronger electronpair donating ability than water. 8 The formation of alkali-metal and ammonium complexes are, in fact, more enhanced in DMF than in water''9, similarly to the divalent-metal anion complexes. However, 1 8-crown-6 complexation is enthalpically more favorable, but entropically not favorable, in DMF than in water''9, unlike the complexation of divalent-metal ions with anions. The different enthalpic and entropec behavior of the 18-crown-6 complexation in DMF from that in water is mainly ascribable to the different solvation of 18-crown-6 in the two solvents. 18-Crown-6 is strongly solvated in water by forming hydrogen bonds between the oxygen atoms within the 18-crown-6 and water molecules, while 18-crown-6 is very weakly solvated in DMF, because DMF molecules cannot form any hydrogen bonds with 18-crown-6. ' 1 ,4,7, 10-Tetraoxacyclododecane (12-crown-4) has a cavity size of 57 pm in radius. 10 The ionic radius of alkali-metal ion is 116 -181 pm11 and, hence, 12-crown-4 is too small to fully accommodate any alkali-metal ion. The complexation of 12-crown-4 with alkali-metal and ammonium ions in solution has not been much investigated in the past compared to that of 18-crown-6.6 More enthalpy and entropy values for the complexation of 12-crown-4 in various solvents are required for understanding the size effect as well as the solvent effect on the complexation of crown ethers. In this study we chose DMF and water as solvents and investigated the complexation of 12-crown-4 with alkali-metal and At each titration point (i), the total concentrations of M+ and L, CM,i and CL,, are given by the following massbalance equations: 
where V denotes the volume of the test solution. The formation constants and enthalpies were obtained simultaneously by minimizing the error-square sum, (gi,obsd-gi,calcd)2, using a nonlinear least-squares program called MQCAL13, according to an algorithm proposed by Marquardt.l4
Calorimetric measurements
Calorimetric measurements were carried out at 25° C on a twin-type calorimeter (Tokyo Riko).12 A PC-286VJ computer (EPSON) was used for calorimeter control and data acquisition. All aqueous and DMF solutions contained 0.1 mol dm 3 (C2H5)4NC104 and (C2H5)4NC1, respectively, as constant ionic media. Two Teflon-coated stainless-steel vessels were inserted in an aluminum block thermostated at 25° C within ±0.0001° C in an air bath. An aqueous alkali chloride or ammonium chloride solution (40 cm3) was placed in the vessel and titrated with an aqueous 0.2 mol dm 3 12-crown-4 solution by using an APB-118 autoburet (Kyoto Electronics). Similarly, an alkali perchlorate or ammonium perchlorate solution in DMF was titrated with a 0.2 mol dm 3 12-crown-4 DMF solution under dry nitrogen atmosphere. The heats of complexation, ranging from 3.8 to 0.2 J at each titration point, were measured with an error of ±0.02 J. The heats of dilution of the titrant were measured separately by titrating a 0.1 mol dm 3 medium solution with a titrant solution, and were used for correcting the reaction heats.
Analysis of calorimetric data
Calorimetric titration data were analyzed by considering the formation of the following mononuclear 12-
Results and Discussion
In water no significant heat other than the heat of dilution of the titrant was evolved during the titration of sodium, potassium, rubidium, cesium and ammonium ions with 12-crown-4. Hence, the formation constants and enthalpies of the 12-crown-4 complexes with these cations were not determined. Considering that the formation constants of the 18-crown-6 complexes with these cations in water are ca. 102-times smaller than those in DMF'9, and that the formation constants of the 12-crown-4 complexes with these cations in DMF are around 1O° (as described below), the formation constants of the 12-crown-4 complexes in water are expected to be very small, and hence the formation of the 12-crown-4 complexes is practically negligible under the experimental conditions examined.
The calorimetric curves obtained by titrating the sodium ion with a 0.2 mol dm 3 12-crown-4 DMF solution are shown in Fig, 1 . The -q/(8vCL ,t;t) values are plotted against the ratio of the total concentrations of 12-crown-4 to metal ion (CL/ CM), where q, 8v and CL ,tit denote the measured heat of complexation, the added volume of the titrant and the concentration of the ligand in the titrant solution, respectively. The calorimetric titration data were analyzed by considering the formation of a set of complexes, and the Hamilton R factor and the standard deviation (a) of the observed heats were compared for various sets. As can be seen in Fig. 1 , the -q/(SvCL ,t;t) values first decrease with increasing CL/ CM, and then increase after passing through a minimum at CL/ CM=0.5 -2. This clearly indicates the formation of at least two complex species. In fact, the calorimetric curves were hardly explainable in terms of the formation of either [Na(12-crown-4)]+ (R=0.36, 6=0.83 J) or [Na(12-crown-4)2]+ (R=0.037, 6=0.087 J). By considering the formation of both [Na(12-crown-4)]+ and [Na(12-crown-4)2]+, the calorimetric titration data could be well explained, the results being given in Table 1 .
The calorimetric curves obtained by titrating the potassium, rubidium and cesium ions with a 12-crown-4 DMF solution are shown in Figs. 2, 3 and 4 , respectively. The -q/(6vCL,tl,) values for the potassium, rubidium and cesium systems monotonically increase with increasing CL! CM, in contrast to the sodium system. Thus, we first analyzed the calorimetric data by assuming the formation of only [M(12-crown-4)]+ (MK, Rb+, Cs). However, the titration curves were not reproducible [see the results listed under set (1) in Table 1 ], the deviations between the observed and calculated values being more significant with increasing the initial concentrations of metal ions. We then analyzed the calorimetric titration curves by considering the formation of both [M(12-crown-4)]+ and [M(12-crown-4)]+, similarly to the sodium system. It turned out that the curves were well reproduced with reasonably small R and o values [see the results summarized under set (1,2) in Table 1 ]
. Hence, we finally propose the formation of [M(12-crown-4)]+ and [M(12-crown-4)2]± in DMF.
The solid lines, which were calculated using the thus obtained parameter values, well reproduced the experimental points over the entire range of CL/ CM examined, as can be seen in Figs. 1-4 .
No significant heat due to the complexation was evolved for the titration of the ammonium 12-crown-4 system in DMF. It is thus expected that 12-crown-4 complexation with ammonium ion in DMF is quite weak.
The thermodynamic quantities for the stepwise The solid lines were calculated using the constants in Table 1 . Table 1 Although the log K, value for the sodium system is slightly smaller than those for the other systems, the differences are not so significant. Also, the AHI and ASi values are very similar for all of the systems examined. It is thus concluded that in DMF 12-crown-4 is not able to distinguish metal ions having different sizes. This is due to the fact that 12-crown-4 is too small for sodium, potassium, rubidium and cesium ions and these cations are strongly solvated in DMF. The formation of [Na(12-crown-4)]+ is less favorable than that of [Na(12-crown-4)2]+. Although both enthalpies and entropies vary in the same order, i.e., AHi >AHZ and AS? >AS2, the formation of [Na(12-crown-4)2]+ is enthalpically much more favorable and entropically less favorable than that of [Na(12-crown-4)]+. As a result, the Gibbs energies vary in the unusual order of A G i > A G i . This is attributed to the much weakened Na+-DMF interaction within [Na(12-crown-CL / CM Table 1 . .00 (0) and 100.5 (e). The solid lines were calculated using the constants under set (1,2) in Table 1 . The solid lines were calculated using the constants under set (1,2) in Table 1. 4)]+, as compared with that within the solvated sodium ion. It is plausible that the Na-0 (DMF) bond in [Na(12-crown-4)]+ is weaker due to the coordination of 12-crown-4 than that in the solvated sodium ion, which may arise from a different repulsion between the coordinating oxygen atoms of 12-crown-4 and the solvent molecules in [Na(12-crown-4)]t It is also expected that more solvent molecules are liberated during the formation of [Na(12-crown-4)]+ than that of [Na(12-crown-4)2]+. In crystals of Na(12-crown-4)2-OH • 8H2O, Na(12-crown-4)2Cl • 5H2O and Na(12-crown-4)2ClO4, the sodium ion is 150 pm apart from the mean plane of 12-crown-4 and the Na-0 (12-crown-4) bond length is 247 -254 pm (average 249 pm),15-17 Since the ionic radius of the sodium ion is 116 pm11, the sodium ion greatly approaches the ether ring to keep an Na-0 (12-crown-4) bond length of ca. 250 pm. Thus, more than half of the DMF molecules in the first coordination sphere of the solvated sodium ion are expected to be liberated during the formation of [Na (12- Table 3 Thermodynamic quantities, log(f3 / mol-n dm3n), aG~n/kJ moL1, OH/kJ mol-1, \S~n/J K-1 moL1, for the overall formation of [Na(12-crown-4)n]+ in DMF and PY at 25° Ca 4)2]+, itself, in PY than in DMF.
Despite the fact that the complete desolvation of the sodium ion occurs during the formation of [Na(12-crown-4)2]+ in both DMF and PY, the entropy change is much smaller in DMF (TOSa2=-33 kJ moL1) than in PY (-19 kJ mol-1). The enthalpies of transfer of 12-crown-4 from water to PY and DMF are positive. The enthalpic stabilization of 12-crown-4 in water is expected to be due to the formation of hydrogen bonds between 12-crown-4 and water molecules, similar to the case of 18-crown-6', leading to the rigid hydration structure of 12-crown-4. On the other hand, 12-crown-4 is weakly solvated in PY and DMF because these solvent molecules cannot form any hydrogen bonds with 12-crown-4. The structure of 12-crown-4 is flexible and the entropy of free 12-crown-4 is not much different in PY and DMF. Free 12-crown-4 loses freedom of motion to a considerable extent upon complexation with metal ions. No significantly different interaction between solvent molecules and 12-crown-4 of [Na(12-crown-4)2]+ has been observed in PY and DMF, as indicated by the enthalpies of transfer of the complex. The entropic loss of 12-crown-4 upon the formation of [Na(12-crown-4)2]+ is similar in PY and DMF. Hence, the different entropic behavior of the complexation in DMF from that in PY may be ascribed to the different solvation of the sodium ion in DMF and PY, though the entropy of transfer of the sodium ion from water to PY has not been reported.
